Our main focus in this study was the comparison between isothermal growth of needles in various PS bilayers at 170 o C. However, some measurements were performed at other temperatures in order to i) control the needle-growth process and optimize the conditions for experimental measurements over a convenient timeframe, and ii) gain some further understanding of the PCBM crystal growth mechanisms. In pure PCBM the reported bulk T g is 131 o C, 1 while the temperature above which cold-crystallization is observed in GIXD measurements is 142 o C in ~ 20-25nm PCBM films. 2 We used annealing-temperatures between 130 o C and 200 o C (well-above the T g of bulk PS 3 and P3HT 1 ) and found that both the nucleation-density and growth-rate of needle-like PCBM crystals changes substantially over this temperature range. Figs S1 and S2 show optical microscopy images of needle-like PCBM crystals in PS and P3HT bilayers, along with nucleation-density and crystal-size data for ex-situ annealed samples. In both systems the mean length of the observed crystals after two hours annealing, increases significantly with annealing-temperature, while the density of nucleated crystals reduces with annealing-temperature. The combination of these two factors is responsible for the tentative evidence of a maximum in the fractional area coverage of PCBM crystals with annealing-temperature, which occurs at a slightly higher temperature for PS bilayers compared to P3HT bilayers.
. We note that there is some variability in the nucleation density of needle-like crystals within and between some (nominally duplicate) samples, particularly those prepared using the sonication/rinsing protocol. However, from in-situ measurements we find that the crystal growth-rates are unaffected by the nucleation density. Figure S3 . In-situ optical microscopy growth-curves for needle-like PCBM crystals in two different 35nm 106k-PS bilayer samples annealed at 170 o C and 180 o C. This data was obtained using a mercury-lamp illumination source.
1.2
Geometry of Growing Needle Tips; AFM and Optical Microscopy. S6 shows some PS thickness dependence of the crystal width, but all within a range of approximately 0.7 to 2m). The crystal profiles measured in this study exhibited very similar growth-rates in the two opposite growth directions (i.e. in both directions from the location of the crystal nucleus, pointing along the main crystal axis at 180 o to one another). This bidirectional symmetry and the symmetric height-profile of the crystals (see fig. S4 ) suggests that the needles are well oriented with respect to the substrate/polymer interface, with a fast-growing crystal-plane perpendicular to the substrate-normal. We also note the observation, by in-situ optical microscopy, of some crystals that nucleate but do not grow into needles, and also of short (<5m length) needle-like crystals that only grow in one direction from the crystal nucleus. We did not include these types of crystal in the data-sets used for growth-curve fitting. 
1.4
Growth-Rate Dependence on Annealing-Time. Figure S10 . In-situ optical microscopy growth-curves at 170 o C for a selection of crystals in a 20nm PCBM/35nm 344k PS sample.
Fig. S10 plots growth-curves from a single sample, showing 4 crystals that nucleate after around 5 minutes annealing, plus a crystal that nucleates after about 40 minutes (this is the same data that is shown in fig. 2d ). We also show the growth-curve for this laternucleated crystal shifted in two different ways; i) by the addition of a constant length to this data-set (shifting with-respect-to the yaxis) and ii) by the subtraction of a constant time (shifting with-respect-to the x-axis) from this data-set. The close match between the shape of the growth-curve shifted wrt the y-axis and the growth-curves for the other crystals, and the poor match when the curve is shifted wrt the x-axis, suggests that the gradual decline in growth-rate of the crystals is a function of the annealing-time, rather than of the time since nucleation began. This dependence of growth-rate on annealing time, rather than time-since-nucleation is apparent in later-nucleated crystals in a number of 344k and 106k bilayers, of PS thickness of 35nm or larger (data not shown).
Composition Profiles from NR.

In-situ annealed samples
Ex-situ annealed samples Table S1 . NR fit parameters for unannealed (sample 5), in-situ annealed and ex-situ annealed bilayers. * Layer thickness obtained before annealing by AFM, ** Fit parameters obtained from NR. The % PCBM in the PS-rich layer for the in-situ annealed samples was calculated using two different methods (details given in the 'Methods; Further Details' section at the end of this document). The results of method 1 are given first, with the results of method 2 in brackets. Table S1 gives NR fit parameters for in-situ and ex-situ annealed PCBM/PS bilayers. The PCBM content within the PS-rich layers (calculated from samples 1-4 and 6-9 after annealing using method 1 -see the 'Methods; Further Details' section at the end of this document) is 9.5 ± 1.4 %, and the PCBM/PS-rich-layer interface roughness is 1.6 ± 0.2nm. Figs S11a and S11b show the NR and fitted SLD profiles for two duplicate PCBM/PS (7nm) bilayer samples ex-situ annealed for 10 and 60 minutes showing, in agreement with the findings from in-situ annealing (figs 3a and 3d), that the equilibration process is complete after 10 minutes or earlier, resulting in an interface of roughness ~1.4nm between PCBM and a PS-rich phase containing ~ 9-10% PCBM. Figures S11c and S11d show the evolution of the reflectivity and SLD profile during the first 4 minutes of heating at ~170 o C. The in-situ reflectivity curves in fig. S11c, in common with the observations for other samples (see fig. 3 ), show a reduction in reflectivity and the emergence of stronger features with a smaller fringe spacing. This is a clear signature of reduced contrast at the buried-interface within the bilayer, giving a smaller amplitude for reflection, and therefore greater visibility of the fringe spacing due to the total bilayer thickness. Changes in the SLD profile are complete within 3-4 minutes (i.e. before the sample surface temperature reaches its maximum value of 170 o C -see fig. S20 ). However, even though the in-situ measurements are not able to capture the isothermal kinetics of interface broadening, they do allow us to conclude that the rapid changes in the composition-profile occur while the temperature is still rising, and that the composition-profile remains unchanged as the temperature then reaches a peak of ~170 o C before settling to a steady value of 164 o C. In-situ annealing allows the reflectivity to be modeled from a known starting composition-profile, from which the subsequent profileevolution can be followed in small steps. By measuring the change in SLD in an in-situ annealed PCBM single-layer due to thermal expansion, and using literature measurements of thermal expansion in thin PS films, 3 we were able to account for the small density changes during annealing. This allowed us to estimate the PCBM concentration within the PS-rich layer during annealing (albeit with less accuracy than the before/after annealing measurements, because of the restricted q z range). The composition profiles obtained from the in-situ samples measured at 80 o C after cooling were very similar to those obtained during annealing, and to those obtained for the ex-situ annealed samples (see table S1 ). Mixing in P3HT/PCBM bilayers occurs on a similarly rapid time frame (of a few minutes) to that in the PCBM/PS system and then remains unchanged. The reflectivity curve and SLD-profile for a PCBM/P3HT sample after 1 hour at 140 o C is shown in fig. S12 . 
1.6
Growth-Curve Independence from PCBM Layer Thickness Changes. Figure S13 . In-situ optical microscopy growth-curves at 170 o C for a selection of crystals in different PCBM thickness samples, all with a 35nm 344k PS layer on top; 14nm PCBM (red), 17nm PCBM (green) and two different samples with 20nm PCBM (black and blue). This data was obtained using a mercury-lamp illumination source.
As PCBM migrates into the PS layer, the thickness of the remaining PCBM layer reduces in proportion to the thickness of the PS layer (see fig. 3 and table S1). This is most significant for the thicker PS layers and so would not be expected to be a factor in the observed thickness-dependent behavior shown in fig. 6 . To confirm this we fabricated bilayers with PCBM layers than were thinner than the 20nm used throughout the rest of this study. Fig. S13 shows that this reduction in PCBM thickness has no effect on the needle-like crystal growth behavior. Fig. S13 also illustrates the degree of variation in crystal growth-curves from sample-to-sample and crystalto-crystal (within a single sample). GIXD maps above and below the critical angle were very similar for both 8nm and 25nm PS bilayers. However, for the unannealed 120nm PS bilayers there was very little intensity at the location of the PCBM amorphous rings below the critical angle (see fig. S14a ), due to the PS film being significantly thicker than the penetration depth of the evanescent wave (of order ~10nm). After 10 minutes annealing the intensity of the amorphous PCBM rings is now just about visible in this bilayer ( fig. S14c ). This further corroborates the finding from NR of movement of a small amount of PCBM into the PS layer on annealing. Figure S15 shows line-profiles through GIXD intensity-maps for different PS-thickness bilayers at various annealing-times. The lineprofiles show the intensity integrated over a 5 o sector as a function of the (approximate) magnitude of momentum transfer, |q|, along two directions (as described in Lilliu et al. 5 ); i) through a prominent crystalline PCBM peak and ii) through a region of |q| space that only contains scattering from amorphous PCBM. The integrated intensity profiles were fitted using the methodology described in the Methods; Further Details section at the end of this supplementary information document. The extracted fit parameters for the width and intensity of the crystalline and amorphous peaks were used to provide an upper and lower estimate of the crystalline and amorphous fractions of the PCBM nanocrystals within the samples, and the size of the PCBM crystallites (see Methods; Further Details below). Figure S16 plots the estimates for crystalline volume-fraction as a function of annealing-time and also shows fits to this data using equation S4, for three different thicknesses of PS. TEM was performed on samples that were annealed on mica for 2 and 24 hours. For the samples that were annealed for 2 hours at 170 o C, SAED was used to examine the samples in regions between the visible crystals. No diffraction peaks or rings were observed.
The d-spacings (the spacing between Bragg planes given by the electron wavelength divided by 2Sin, where  is the Bragg angle) for the SAED inset in fig. 5c , are 1.50, 1.01, 0.88, 0.83, 0.59, 0.49 and 0.42nm. The d-spacings in fig. 5f are 1.47, 0.91, 0.83, 0.5 and 0.44nm. d-spacings similar to these are found in the literature by TEM and x-ray diffraction, for PCBM crystals formed on mica 7 and silicon/silicon-oxide substrates. 8 Energy dispersive x-ray spectroscopy was performed in the TEM on the different crystal forms observed, as well as in the regions between the crystals. This showed the presence of carbon and oxygen only, confirming the absence of any inorganic contaminant material in the specimen. 
Methods; Further Details.
Error Estimation.
Except for figs 6b, 6c, S1, S2, S6 and S19, all errors quoted or shown in figures in the manuscript and supplementary information are (±) the standard deviation. In figs 6b, 6c, S1, S2, S6 and S19 the data points are the means of nominally identical repeated measurements and the error bars represent (±) the standard error of the mean.
AFM; Layer Thickness.
PCBM and polymer layer thickness was determined by scratching the surface of single-layers on silicon substrates and measuring across the edge of the scratch using AFM, (this was corroborated by NR measurements on some of the samples).
Optical Microscopy.
ImageJ (NIH USA) was used to extract intensity profiles along the dominant growth direction of individual crystals for in-situ annealed samples. Only straight crystals that were not visibly impeded by other crystals or imperfections on the sample surface were used. The intensity profiles were first re-zeroed by displacement along the ordinate so that the mean intensity in the flat part of the profile (the part undisturbed by the crystal) was zero. The length was then measured between the two growing fronts of the crystal, defined as the positions where the magnitude of the intensity was at half the average intensity within the crystal ('within the crystal' was defined as all locations along the profile where the magnitude of the intensity, after re-zeroing was above a fixed threshold; see fig. S18 ). The use of alternative methods in which crystal-lengths were calculated i) using an absolute intensity threshold, and ii) 'manually', by measuring individual crystals by eye, gave almost identical growth-curves. This 'manual' approach was utilized to extract half-crystal growth curves (measuring the length from the nucleation point to one end of the crystal) for very long crystals, in which only one end of the needle remained isolated from other crystals at long annealing times (as occurred for 35nm and 60nm 106k PS samples).
The number of crystals per unit area and the mean area per crystal for samples that were annealed and then imaged ex-situ, (figs S1 and S2) were calculated using the built-in 'Auto Threshold' and 'Particle Analyzer' commands in ImageJ. Isotropic crystals were not included in this analysis. The means and error bars were calculated using images from several different areas of each sample. 
Mercury lamp illumination;
Given the potential sensitivity of fullerenes to UV and visible light, we probed the influence of the microscope lamp illumination spectrum by repeating our in-situ optical microscopy experiments using a mercury lamp (with a 500nm dichroic mirror) on the microscope (again, keeping the incident intensity as low as possible). In contrast to the tungsten-halogen lamp, this illuminated the sample with UV light, as well as some visible light. The results from measurements on 75 different crystal growthcurves are shown in fig. S19 . The results show the same overall behavior as that shown in figs 2 and 6. The only notable difference is the lower growth-rates of the 106k-PS crystals for thicknesses of 35nm and larger ( fig. S19b ), in comparison to the growth-rates in fig.  2c . Further investigation is required to understand the origin of this difference. Simultaneous fitting of the 75 datasets, using the integral of equation (1) with the fit parameter n fixed at 1, and the parameters m and  m the same for all datasets, resulted in A parameters (fig. S19e) that showed similar behavior to fig. 6b (i. e. showing little clear thickness-dependence, but an indication of higher values for the 106k-PS bilayers). We note that the numerical values of the A parameter in fig. S19e are lower than those in fig.  6b . This is due in-part to the different values of the fit parameter m in the two simultaneous fits. We can still obtain good fits if the mercury-lamp data and the tungsten-halogen-lamp data are both fitted with m and  m restricted to have the same value. In this case the numerical values of the fitted A parameters in the mercury-lamp data and the tungsten-halogen-lamp data are much closer. However, it is clear from fig. S19f that, despite any differences in the other fit parameters, the K parameters show very similar thickness-dependent and M w -dependent behavior and also similar numerical values to the tungsten-halogen-illuminated data in fig. 6c . This gives us further confidence in the robustness and independence from microscope illumination of our findings regarding the nanocrystal growth-rate parameter K. fig. 4 , K GIXD , as a function of PS thickness for 344k-PS. We have a suspicion that the sample marked with an exclamation mark in figs (e)-(f) may have been annealed by mistake at 180 o C, rather than at 170 o C, but we include the data for completeness.
Extracted Profile
GIXD Data Analysis.
The components of the momentum transfer vector (q) are (S1a)
where k is the magnitude of the wavevector,  i and  f are the out-of-plane incident and exit angles respectively, and  is the in-plane exit angle. 9 The GIXD intensity maps shown in figs 4 and S14 are direct detector maps. In common with previous workers 2,10 the intensity map axes are labeled q z and q xy , with q z as given in equation S1c above, and q xy defined as (q x 2 + q y 2 ) 1/2 with q x evaluated using equation S1a with  f = - i (i.e. for q z =0). Profiles were extracted from the detector maps and fitted using Origin Pro 9 to obtain peak widths, centers and areas.
Estimation of amorphous and crystalline PCBM fractions;
Profiles were extracted from the detector map along i) a line normal to the sample (at constant q xy ) and ii) along a line at = 27 to the sample normal using the computer code GI-XRD-GUI used by Lilliu et al. 5 The profile along the normal to the sample contained no crystalline peak, while the = 27 profile passed through one of the highest-intensity PCBM crystalline peaks to emerge from within the amorphous ring at |q| ~ 1.5 Å -1 on annealing (see fig. S15a ). Both profiles were integrated over a 5 wide sector centered on the direct beam.
Following the methodology of Jukes et al, 11 the intensity of each profile between 1 and 1.8 Å -1 was fitted using the sum of a Gaussian and a Lorentzian peak, representing the amorphous and crystalline contribution to the scattering respectively. The fitting function, representing the sum of these peaks is:
, (S2)
where q is the magnitude of the approximate momentum transfer (q=|q|=(q xy 2 + q z 2 ) 1/2 ) and η=2ln2. The parameters B 0 and B 1 represent a linear sloping background. The parameters , , and , , are the area, full-width half maximum (FWHM) and maximum location (q) of the Gaussian and Lorentzian peaks respectively. The parameters and were determined by fitting the unannealed sample. Then for each annealed sample the (amorphous) profile normal to the sample was fitted first, using only the background terms in S2 and as fitting parameters. The Gaussian parameters obtained from this fit were then fixed during the fitting of the = 27 profile. For all samples the parameter was fixed at the value obtained for the 8nm PS sample after 60 minutes annealing, allowing the Lorentzian ( and ) and background terms to be determined for all annealed samples. The crystalline volume fraction,  GIXD , was then determined using:
The value of  GIXD for each sample was plotted against annealing-time, t, ( fig. S16 ) and fitted with the following (n=1) Avrami
to obtain an estimate of the K GIXD parameter. This procedure gives an upper estimate for the value of  GIXD at each annealing-time, and therefore an upper estimate for K GIXD . This is because estimating  GIXD using the line profile analysis described above assumes that the diffraction pattern is isotropic (powder diffraction). Given our anisotropic diffraction pattern, indicating a preferential alignment of the nanocrystals with respect to the substrate, the integration over a 5 o sector centered on a crystalline peak will underestimate the amount of amorphous scattering. To give a lower-bound estimate for  GIXD we multiplied the fitted Gaussian area from the line profile analysis by a factor of 18 (90 o /5 o ) and re-calculated  GIXD The lower estimate  GIXD values were then fitted using equation S4 to obtain a lower estimate for K GIXD .
Scherrer analysis;
The fitted profiles at 27 o were also used to extract the crystallite size (d) using the Scherrer equation 13, 14 , (S5)
where is the x-ray wavelength (1.3Å), K is a constant (assumed to by 0.9),  B is the Bragg angle of the Lorentzian peak and B is the FWHM of the Lorentzian peak, converted into radians. While the absolute values of the crystallite sizes depend upon the value of K used in the Scherrer relation, the values of d give an order-of-magnitude estimate of the size of the PCBM crystallites, and also allow comparison of the crystallite sizes for different PS thicknesses. Mean values for d and an estimate of the error were calculated by repeating this analysis using line-profiles extracted from the detector map through crystalline peaks at several other angles.
NR; Further Experimental Details.
A full reflectivity curve (at incident angles of 0.6 o and 2.4 o ) was obtained for ex-situ annealed samples. Reflectivity data was collected from in-situ annealed bilayers before, during and after annealing, as follows;
1) Samples were clamped to a hot plate within a purpose-built annealing chamber located in the neutron beam path, and the chamber was flooded with a continuous flow of nitrogen. The hot plate temperature was set to 80°C. After allowing the sample temperature to stabilize a full reflectivity curve was obtained. 15 2) After completion of this measurement the hot plate set point was changed to 142 °C or 174 °C, and reflectivity curves were collected repeatedly at an incident angle of 1 o , with the data binned into 30 seconds slices.
3) After 30 minutes of annealing the set point of the hot plate was changed to 80°C and, after allowing sufficient time for the sample to cool down to this temperature (this took around 15 or 20 minutes for cooling from 140 o C or 170 o C respectively), another full reflectivity curve was obtained.
The set point of the hot plate differed from the sample surface temperature significantly at high temperatures. The relationship between set point, sample temperature and time was calibrated by attaching a thermocouple to the surface of a duplicate Si block at the two set points used (see fig. S20 ). Specular reflectivity was fitted using Parrat32 (Hahn-Meitner-Institut, Berlin Neutron Scattering Centre, Berlin, Germany) to fit the parameters of a multi-layer model to the reflectivity of each sample using a least-squares-fit approach. The model parameters were the thickness and scattering length density (SLD) of each layer and the (Gaussian) interfacial roughness, , between adjacent layers. This roughness parameterizes the width of an interface assuming an error-function profile. 16, 17 NR measures the SLD-profile of the sample averaged over a lateral distance (i.e. in the plane of the sample) of order tens-of-microns (the in-plane coherence length of the neutrons) 17 . The instrumental resolution was included within the models for all samples, at the values calculated from the slit widths and chopper settings. 18 The silicon substrate SLD was fixed at 2.07 x 10 -6 Å -2 , given the known density of silicon. The silicon substrate roughness was fixed at 0.7nm. The native silicon oxide layer parameters were first fitted for several different samples, resulting in average values as follows; SLD = 3.48 x 10 -6 Å -2 , thickness = 1.5nm and roughness= 0.7nm. All samples were then fitted with the native silicon oxide layer parameters fixed at these values. The thickness and surface roughness of PCBM, PS and P3HT layers in unannealed samples were also obtained by measuring single layers using an AFM. Good agreement was found between NR and AFM measurements.
The SLD for PCBM was obtained from fits of single layers. The SLDs for P3HT and PS were calculated using the National Institute of Standards and Technology SLD calculator (http://www.ncnr.nist.gov/resources/sldcalc.html) with literature density values. 19, 20 These values were used as initial guesses when fitting the reflectivity curves of unannealed bilayers, and ex-situ annealed bilayers. For in-situ samples the fit parameters from the previous time slot in the kinetic series were used as the initial guesses. Our measured SLD values obtained from the single layer and unannealed bilayer fits were found to be in good agreement with reported literature values. 20, 21 The percentage (by volume) of PCBM in the PS-rich layer was calculated as; 100 x (SLD PS-rich layer -SLD Pure PS )/(SLD Pure PCBM -SLD Pure PS ), where SLD i is the SLD of layer i.
This percentage was calculated for each annealed bilayer sample using two methods. Method 1 took SLD Pure PS and SLD Pure PCBM as the average SLD of the PS and PCBM layers respectively, in samples 1 to 4 before annealing. Method 2 took SLD Pure PS and SLD Pure PCBM as the SLD of the PS and PCBM layers respectively, from the specific sample in question before annealing. A similar methodology was used for the PCBM/P3HT samples, with the pure PCBM SLD taken from the specific sample in question before annealing, and the pure P3HT SLD calculated from the NIST SLD calculator.
Crystal Growth-Curve Model and Data Analysis; Further Details.
The Avrami model has been used successfully to model the isothermal growth of the crystal volume-fraction in a wide range of materials including polymer/fullerene nanocomposites. 2, 22, 23 The model gives the crystalline volume fraction, , as a function of time, t, as follows;
where K and n are the Avrami rate-constant and exponent respectively. We modeled the increasing nanocrystal content of the PCBM film using equation S6. As (t) increases the viscosity of the PCBM layer will increase, as a result of the higher solids fraction.
Findings from suspension rheology suggest that the viscosity will rise significantly above that in the absence of suspended solid particles for  greater than approximately 0.1-0.2 for a range of different solid particle shapes. 24 Eventually the solid particles will percolate across the material and 'jam' at a volume-fraction of solids  m . The value of  m at which this jamming occurs, and the viscosity diverges, ranges from ~0.23 for high aspect ratio rods up to ~0.71 for spheres. A theoretical treatment of the way in which the suspension viscosity increases with  was given by Krieger and Dougherty. 24, 25 The Kreiger-Dougherty equation for the suspension viscosity, , is given as
where  s is the viscosity of the fluid in the absence of suspended solid particles, and [] is the intrinsic viscosity of the suspension (a dimensionless quantity that is a function of the shape of the suspended particles). 24 Substitution of (t) from equation S6 into equation S7 gives  -1 (t) of the form (S8)
This has the same form as equation (1). Dimensionally, the prefactor A in equation (1) will be proportional to  s  multiplied by the ratio of a force (the thermodynamic driving force for needle-like crystal-growth) to a distance (representing the geometry of the film deformation process).
2.7
Fitting.
The Avrami rate-constant K was restricted to positive values, and the parameters  m and m (=[] m ) were given upper and lower bounds set by the range of values found within a variety of suspensions in the literature as follows; 0.23 <  m < 0.71, 1.31 < m < 3.77. 24 The exponent, n, in equation S6 should, according to theory, take an integer value between 1 and 4. The Avrami model is sometimes fitted with n allowed to take non-integer values, with recent x-ray studies on annealed PCBM single layers 2 and blends 23 showing that best fits are obtained with n close to either one or two for PCBM annealed at temperatures between 150 o C and 170 o C. In our simultaneous fitting of growth-curves we fixed n to be an integer. Best fits were obtained with n set equal to one, while very good fits were also obtained with n set to two. The A and K parameters obtained from the sets of simultaneous fits with n set equal to one and two were in excellent agreement showing the robustness of the fitted values of A and K, and their dependence on PS thickness. Because, in the very earliest stages of growth the crystal can't yet be described as having developed into a high-aspect ratio needle we fitted the crystal growth-curves in two different ways. One in which we only fitted the data above a crystal length of 5m and one in which we fitted all the collected data (down to the smallest measurable lengths of around 2m). This would be expected to have the most significance for the shorter (sub 10m length) needles found in the thinner PS bilayers. Within experimental error, these two approaches resulted in the same mean A and K fit parameters.
2.8
Bilayer Fabrication Scheme. Figure S21 shows a schematic diagram of PCBM/polymer bilayer fabrication steps. To facilitate the 'floating' of the polymer film from the mica substrate, three edges of the film are gently scored with a scalpel blade, before the mica/polymer film is lowered into the de-ionized water. 
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